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Abstract 
In this study, simulation methods of a system dynamics model for activated-sludge wastewater treatment plants were developed. 
A wastewater treatment plant in South Korea was chosen for these analyses. For existing conditions, the analyses were 
performed by varying activated-sludge return rate to observe changes in effluent water quality and treatment efficiency. The 
inflow rate beyond which aeration tank size needs to be increased was calculated while satisfying the effluent water quality 
requirement. The corresponding sizes of aeration tank were also calculated for different activated-sludge return rates under the 
maximum inflow rate which does not require expansion of the aeration tank. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the CCWI2013 Committee. 
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1. Introduction 
In South Korea, there are 95 wastewater treatment facilities which use the activated-sludge processes among the 
total of 294 wastewater treatment facilities. As inflow rate to a treatment facility increases due to development of 
industry and expansion of urbanization, the need for improvement and enlargement of existing facility is increased. 
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In this study, simulation methods of a system dynamics (SD) model for activated-sludge wastewater treatment 
plants were developed to determine the extent of facility expansion due to changes in inflow rate based on the 
model presented in Das et al. (1997). The system dynamics methodology is an effective simulation tool to model 
the dynamic nature of a system. It deals with information and/or material feedback structure inherent in working 
mechanism of a system and focuses on modeling the changes in behavior of a system, thereby facilitating analysis 
of the effects of changes in operational policies of a system. In the activated-sludge wastewater treatment processes 
‘return of activated-sludge’ works as material feedback. This feedback links water, biomass, and substrate in a 
wastewater treatment plant. Therefore, the system dynamics methodology is appropriate in modeling activated-
sludge wastewater treatment processes. 
 
2. Overview of the SD methodology and previous studies using SD  
The System Dynamics Methodology is a simulation methodology based on systems theory. The characteristics 
of systemic approaches adopted in the systems theory were well presented by Beard (1999) in which 14 systemic 
ideas were provided. The methodology can facilitate understanding of a system by extracting essential structures of 
its working mechanisms and development of efficient management strategies based on an analysis of feedback 
structures inherent to the system. 
Stocks, flows, converters, and interrelations among them constitute an SD Computer simulation model. The 
interrelations are graphically represented as arrows and mathematically modeled as the finite difference equations. 
The value of each component is calculated at each delta time (DT) for a specified simulation time period defined in 
a model. Calculations start at the initial values of the stocks based on the functional relations among components. 
Computer simulation experiments using a system dynamics methodology are realized using object-oriented 
modeling software such as Vensim, Powersim Studio, AnyLogic, STELLA, etc. and generally take the following 
steps (Richardson 1981).  
First, relevant problems are identified and defined, in order to provide assurance that the established model 
functions consistently with the purpose of the model. During the second step, feedback phenomena inherent in a 
system’s working mechanisms are conceptualized and a causal loop diagram representing the cause and effect 
relations among the system’s components is drawn. A computer simulation model is created in the third step, based 
on the conceptualized working mechanisms of a system. In the fourth step, the temporal behavior of a system is 
analyzed via the computer simulation model and compared to the recorded behavior of the system. In the fifth step, 
the established model is calibrated and validated. Lastly, the validated model is used to analyze the behavior of the 
system through various management scenarios. After this process one can develop management strategies that 
meet the long-term operation goals of the system. 
Forrester (1958) at MIT first introduced the concept of SD as Urban Dynamics to model systems with complex 
feedback structures. Since then, the SD methodology has majorly focused on modeling of management strategies 
and, personnel management and inventories in industrial fields. More recently, SD has been developed into such a 
general methodology that can model management problems not only in industrial areas, but also in other fields, 
such as public policy evaluation, engineering problem solving, and social issues. 
Drew et al. (1985) applied the SD methodology to the planning of a hypothetical civil and environmental 
system that included water resources, sewage treatment, land use, and urban transportation. Water resources 
planning and management problems have especially benefitted from the use of this methodology. Examples in this 
field include: Crawford and Linsley’s (1966) comprehensive watershed simulation model, which included physical 
processes of water flows and socio-economic factors of water management in a watershed, drought analysis by 
Keyes and Palmer (1993) using SD, Shawwash and Russell’s (1997) SD model dealing with water management 
problems in Jordan, Palmer’s (1998) application of SD methodology to watershed planning, application of the SD 
methodology as a decision support system for management of surface water by Fletcher (1998), and studies by 
Simonovic et al. (1997) and Simonovic and Fahmy (1999) on long-term planning and policy analyses for the use 
of water resources in the Nile watershed, Egypt.  
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Application of SD methodology to the field of water resources management has continued into the 21st century, 
including Ahmad and Simonovic’s (2000) work on applying SD to reservoir operations for flood prevention, 
Teegavarapu and Simonovic’s (2000) SD model for multiple reservoir operations for hydroelectric power 
generation, Stave’s (2000) application of SD to policy determination for water resources problems in Las Vegas, 
Ahmad and Simonovic’s (2001) study on SD as a decision support tool for evaluating the effects of flood 
protection policies, the SD model developed by Li and Simonovic (2002) for prediction of floods due to snowmelt 
in the prairies in of North America, Simonovic’s (2002) world water model, and a study by Simonovic and Li 
(2003) that analyzed the effects of climate change on the performance of flood protection systems. Simonovic 
(2009) also presented the system dynamics simulation along with optimization and multi-objective analysis as an 
integrated modeling tool for contemporary water resources management problems. A comprehensive review on the 
applications of SD methodology for water resource management problems can be found in Winz et al. (2009).  
Applications of SD methodology to modelling of urban water supply service management was initiated by 
Grigg and Bryson (1975), where a computer program was used to develop an SD model of the water supply system 
in Fort Collins, Colorado. The model consisted of water balance, water use, population, and financial accounting 
sectors; it focused on controlling the price of water while meeting the water demand of the growing population. 
Although Grigg and Bryson’s (1975) model captured several factors inherent to urban water management, some 
important causal relations, like the one between condition of capital and investments, were not considered. In 
addition to this, the model was not verified via calibration processes, even though it was based on actual data. 
Recently, Lee et al. (2006) presented an SD model, used to assist with the management of water supply systems. 
Lee et al. (2007) modified the model of Lee et al. (2006) to more comprehensively analyze managerial conditions 
of a case water supply system. However, the modifications to the model made in Lee et al. (2007) were not of any 
significance. Das et al. (1997) modelled the flow of material in activated-sludge wastewater treatment plants as 
water, biomass, and substrate flows and simulated the transient and steady state of the growth of biomass and 
sludge, and treatment efficiency. 
3. The System Dynamics model for activated-sludge wastewater treatment plants 
In this paper the activated-sludge wastewater treatment process have been modeled as Fig. 1 using a System 
Dynamics modeling software, STELLA, based on the model by Das et al. (1997). The model in this paper was 
applied to a case study activated-sludge wastewater treatment plant in South Korea in an attempt to determine the 
operating rules and policies related to capacity expansion of the treatment plant. The simulations were conducted 
for the existing conditions and the anticipated facilities expansion scenarios of a case study treatment plant. 
3.1. Analysis of effluent water quality due to changes in activated-sludge return rate 
Substrate concentration in aeration tank (SCAT) was considered as the effluent water quality for which the 
standard was set as BOD 0.02 kg/m3. For existing conditions, the analyses were performed by varying activated-
sludge return rate from 10% to 100% to observe changes in the effluent water quality and treatment efficiency. 
Table 1 shows the simulated effluent water quality due to changes in activated-sludge return rate. 
Table 1. Effluent water quality according to sludge return rate 
RR (%) 10% 20% 30% 40% 45% 50% 60% 70% 80% 90% 100% 
SCAT 
(kg/m3) 
0.032 0.028 0.025 0.022 0.02 0.018 0.015 0.011 0.008 0.005 0.002 
F/M 
Ratio 
0.88 0.67 0.50 0.36 0.30 0.25 0.16 0.09 0.05 0.02 0.003 
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
Fig. 1. A system dynamics model for operations and maintenance of activated-sludge wastewater treatment systems.  
 
As can be seen in Table 1, the minimum activated-sludge return rate to meet the effluent water quality standard 
of BOD 0.02 kg/m3 was found to be 45% for the aeration tank of 6800 m3 and the initial substrate in the aeration 
tank of 550 kg. Fig. 2 shows the simulation results in a graphical form in which RR of 20%, 45%, and 60% were 
used. The time scale used in Fig. 2 is hour. The graph no. 2 with RR of 45% and no. 3 with RR of 60% satisfy the 
effluent water quality standard of BOD 0.02 kg/m3. 

Fig. 2. Graphs of effluent water quality according to sludge return rate. 
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To analyze the changes in the treatment efficiency (EFFI) of the system due to changes in the return rate (RR) 
of activated-sludge and determine the RR that maximizes EFFI, for existing conditions RR was varied from 45% 
to 100% in the model shown in Fig. 1. EFFI was calculated using Eq. (1). 
EFFI = (RBMCI – RBMLE)/ RBMCI                (1) 
where RBMCI(kg/hr) is the Rate of Biodegradable Matter Coming in Influent and RBMLE(kg/hr) is the Rate of 
Biodegradable Matter Leaving Through Effluent. 
The treatment efficiency of the system for the activated-sludge return rate of 45% was found to be 77%, which 
was the lowest among the various values of activated-sludge return rates simulated, while the return rate of 90% 
marked the highest treatment efficiency of 88%. Fig. 3 shows the simulation results in a graphical form in which 
RRs shown in Table 1 were used. The time scale used in Fig. 2 is hour. The graph no. 2 in Fig. 3 shows the EFFI 
for RR of 90%. The graph no. 7 with RR of 100% in Fig. 3 shows a declining EFFI due to increase in 
biodegradable material resulting from excessive activated-sludge returns. 
 

Fig. 3. Graphs of treatment efficiency according to sludge return rate. 
 
3.2. Analysis of effluent water quality  
The effluent water quality was also analyzed for various average daily inflow conditions and activated-sludge 
return rates. The return rate and average daily inflow were varied from 45% to 100% and from the existing 
condition of 500 m3/hr to 3,000 m3/hr, respectively. The changes in the effluent water quality in terms of SCAT 
were obtained as Table 2. 
As a result, if the average daily inflow was increased to 1,000 m3/hr, the minimum activated-sludge return rate 
that will satisfy the effluent water quality standard of BOD 0.02 kg/m3 was found to be 80%. If the average daily 
inflow was increased to 2,840 m3/hr, the return rate was needed to be increased to 100% to meet the effluent water 
quality standard. Therefore, expansion of the aeration tank is required if the average daily inflow is greater than 
2,840 m3/hr. 
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Table 2. Changes in SCAT (/) for various IRAT and RR 
IRAT (m3/hr) 
RR (%) 
45 50 60 70 80 90 100 
500  0.02 0.018 0.015 0.011 0.008 0.005 0.0002 
1,000  0.042 0.036 0.03 0.023 0.017 0.01 0.004 
1,500  0.057 0.051 0.044 0.036 0.026 0.016 0.007 
2,500  0.069 0.066 0.062 0.056 0.045 0.032 0.016 
2,840  0.07 0.068 0.065 0.06 0.051 0.037 0.02 
3,000  0.071 0.069 0.066 0.062 0.053 0.04 0.022 

The required volume of aeration tank to meet the effluent water quality standard depends on the return rate of 
activated-sludge. The minimum sizes of the aeration tank for various activated-sludge return rates to satisfy the 
effluent water quality standard were also analyzed as Table 3.  
Table 3. Required volume of aeration tank (VAT) for various RR 
IRAT 
(m3/hr) 
RR (%) 45% 50% 60% 70% 80% 90% 100% 
2,840 
VAT (m3) 40,800 37,700 31,500 25,300 19,200 13,000 6,800 
F/M ratio 0.32 0.29 0.25 0.2 0.15 0.1 0.05 
SCAT (kg/m3) 0.02 

It was found that the size of aeration tank is required to be increased to 13,000 m3 for the case of 90% return 
rate and 40,800 m3 for the case of 45% return rate, which are 1.9 times and 6 times, respectively, of the existing 
volume of 6,800 m3.  
4. Conclusions 
Although the SD methodology has been applied to various aspects of water related systems operations and 
management, it was more focused on analyzing water quantities and related policy determinations. This study 
provides extension of the SD modeling and analysis methods by applying the activated-sludge wastewater 
treatment process SD model of Das et al. (1997) for the analysis of operation conditions and facility expansion due 
to changes in inflow rate and activated-sludge return rates. A model wastewater treatment plant in South Korea 
was chosen for these analyses.  
As a result, the minimum activated-sludge return rate to meet the effluent water quality standard of BOD 0.02 
kg/m3 was found to be 45% for the aeration tank of 6800 m3 and the initial substrate in the aeration tank of 550 kg. 
 treatment efficiency of the system for the activated-sludge return rate of 45% was found to be 77%, which was 
the lowest among the various values of activated-sludge return rates simulated, while the return rate of 90% 
marked the highest treatment efficiency of 88%. It was also found that RR of 100% would result in declining 
treatment efficiency due to increase in biodegradable material resulting from excessive activated-sludge returns. 
Without increasing the size of the aeration tank the maximum inflow rate which can satisfy the effluent water 
quality standard of BOD 0.02 kg/m3 was found to be 2,840 m3/hr for the RR of 100%. Therefore, expansion of the 
aeration tank is required if the average daily inflow is greater than 2,840 m3/hr. It was also found that if the inflow 
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rate is increased to be 2,840 m3/hr the size of aeration tank is required to be increased to 13,000 m3 for the case of 
90% return rate and 40,800 m3 for the case of 45% return rate, which are 1.9 times and 6 times, respectively, of the 
existing volume of 6,800 m3. It is expected that this paper can provide useful analysis methods in operations and 
management of wastewater treatment facility. 
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